Among polarizers based on the neutron reflection from Super-Mirrors (SM), solid-state neutron-optical devices have many advantages. The most relevant is 5-10 times smaller size along the neutron beam direction compared to more traditional air-gap devices allowing to apply stronger magnetic fields to magnetize SM. An important condition for a good SM polarizer is the matching of the substrate SLD (Scattering Length Density) with the SM coating SLD for the spin-down component. For traditional Fe/Si SM on Si substrate, this SLD step is positive when a neutron goes from the substrate to the SM, which leads to a significant degradation of the polarizer performance in the small Q region. This can be solved by replacing 1 single-crystal Si substrates by single-crystal Sapphire/Quartz substrates. The latter show a negative SLD step for the spin-down neutron polarization component at the interface with Fe and, therefore, avoid the total reflection regime in the small Q region. In order to optimize the polarizer performance, we formulate the concept of Sapphire V-bender. We perform ray-tracing simulations of Sapphire V-bender, compare results with those for traditional C-bender on Si, and study experimentally V-bender prototypes with different substrates. Our results show that the choice of substrate material, polarizer geometry as well the strength and quality of magnetizing field have dramatic effect on the polarizer performance. In particular, we compare the performance of polarizer for the applied magnetic field strength of 50mT and 300mT . Only the large field strength (300mT ) provides an excellent agreement between the simulated and measured polarization values. For the double-collision configuration, a record polarization > 0.999 was obtained in the neutron wavelength band of 0.3 − 1.2nm with only 1% decrease at 2nm. Without any collimation, the polarization averaged over the full outgoing capture spectrum, 0.997, was found to be equal to the value obtained previously only using a double polarizer in the "crossed" (X-SM) geometry 2 . These results are applied in a full-scale polarizer for the PF1B instrument.
I. INTRODUCTION
PF1B is a user facility at the Institut Laue-Langevin (ILL) in Grenoble, France, for experiments in elementary particle and nuclear physics using polarized or unpolarized cold neutrons 3 . An important component of PF1B is a device that produces a neutron beam of a large area with a high polarization in the broad range of neutron wavelengths λ = 0.2 − 2.0nm. To our knowledge, with present technology a reflection-type SM-based polarizer is the only type of device which can fulfill such requirements.
For carrying out experiments of different type, PF1B has to provide several options including: a maximum total flux of polarized neutrons over a large beam cross section 4, 5 , a maximum flux density of polarized neutrons over a relatively small beam cross section 6, 7 , and ultra-high precision of the knowledge of the polarized neutron beam properties 8 . While in the first two cases the mean polarization can be moderate (typically P n > 98%), the latter option requires ultra-high polarization (P n > 99.7%) to minimize the systematic uncertainty.
The existing PF1B polarizer was built using the traditional technology of polarizing benders [9] [10] [11] [12] [13] [14] [15] : 30 channels 80cm long, air gaps of 2mm, borated float glass substrates 0.7mm thick, m = 2.8 SM coatings 11, 16, 17 , 80x80mm 2 cross-section, 300m radius, 120mT applied magnetic field 18 . This polarizer was manufactured, the coating being performed at ILL, and installed in 2004 downstream the ballistic neutron guide H113 3 a) Electronic mail: petukhov@ill.eu. b) Electronic mail: nesvizhevsky@ill.eu.
with the effective neutron capture flux of 2 · 10 10 n/cm 2 /s. Its measured transmission was ∼ 50% for the "good" polarization component, and the mean polarization was ∼ 98.5%. When ultra-high polarization was required, we installed a second similar polarizer in the "crossed geometry", thus obtaining the mean polarization of P n = 99.7% and the transmission ∼ 25% 2 for the "good" polarization component. During 15 years of successful exploitation, this polarizer was irradiated with a very high neutron fluence, which resulted in significant radiation damage to the mirrors' glass substrates (mainly by charged particles products from the reaction 10 B(n, α) in the glass substrate). It is also strongly activated, mainly due to the presence of Co in the SM coatings, which makes its handling more complicated. In this paper, we present a project of a new advanced polarizer for PF1B with an improved polarization and transmission performance and free from radiation damage and activation issues.
II. POLARIZER DESIGN
To overcome the main drawbacks of the existing polarizer: high activation of Co in the Co/Ti SM coating and its neutron induced degradation caused by the 10 B(n, α) reaction in glass substrates, -we chose to build a solid-state polarizer with a Fe/Si coating 12, [19] [20] [21] [22] [23] . Other immediate advantages of a solidstate polarizer are compactness, thus allowing a magnetic system with better performance, and a more favorable ratio of channel to inter-channel width. In that version, the polarizer is traditionally made of stacks of thin (150 − 200µm thick) single crystal Si wafers, coated on both sides with Fe/Si SM coat- ings terminated by Gd absorbing layers. Each Si plate confined between two reflecting SMs serves as a spin-dependent neutron guide for neutrons entering through the entrance edge of the plate.
In an ideal polarizer of this type, one neutron spincomponent penetrates through the SM coating without reflection and then is absorbed in the capping Gd layer. The other, "good" spin-component is reflected by the SM coating and propagates to the exit edge of the Si substrate. Such neutron behaviour requires perfect matching of the Scattering Length Densities (SLD) of SM materials for one neutron spin component and a high contrast for the other (SLD: ρ ± = ∑ j N j b j± , where N j is the number density of nuclei and b j± is the spindependent neutron scattering length for element/isotope j). In practice, materials used for SMs never match perfectly. Materials of interest for neutron polarization applications are listed in Table I 24 . In order to optimize the SLD matching for the "-" spin component, some parameters are tuned during the coating process, resulting in our case in an increase of the SLD for the Si layers, making it closer to ρ − Fe
.
For neutrons incident on the Fe/Si coating from inside the Si substrate, the spin-up reflectivity is governed by the interference pattern of all layers in the SM while the spin-down reflectivity is mostly governed by the SLD step from Si to the thickest layer of Fe:
For solid-state Fe/Si SM on Si substrate, this SLD step is positive leading to the total reflection of neutrons incident at small grazing angles:
where λ is the neutron wavelength in Å. For sufficiently small grazing angles Θ < Θ − c , both spin-components are totally reflected by the interface thus resulting in zero polarizing efficiency.
In our previous paper 1 , we showed that the replacement of single-crystal Si substrates by single-crystal Quartz or Sapphire wafers results in a negative SLD step for spin-down neutrons that eliminates the total reflection regime, see Fig. 1 , and thus expands the polarizer bandwidth into the low Q region.
The modern progress in production of high-quality singlecrystal Quartz and Sapphire wafers makes them readily available for our applications with prices close to those for Si wafers. In particular, surface polishing down to a roughness of about 0.5nm (r.m.s.) are now available, thus ensuring sufficient SM performance. As it follows from Table I, thin single-crystal Quartz wafers are expected to be the first choice for substrates for Fe/Si solid-state polarizers. Indeed, for spin-down neutrons passing from a Quartz substrate to a thick Fe layer, the SLD step is negative and relatively small (ρ
). However, we found that single-crystal Quartz wafers are very fragile. During manipulations, the sharp edges of quartz plates tend to crumble and produce a large amount of quartz dust particles with a typical size of the order of 1 − 10µm. These fragments are randomly located on the surface of the plates and significantly complicate the assembly of the plates parallel to each other thus leading to a significant angular spread of the reflected neutrons.
We also found that Sapphire plates are much more rigid than both Quartz and Si plates, and their edges do not crumble into such dust-like fragments in SM deposition process. Moreover, residual stress in he SM coating, induced by the SM film growth process, results in significant bending of such thin substrates (0.18mm) 25 . In the case of Sapphire, due to the higher elastic constants, this effect is less pronounced for the same stress value, therefore the substrate deformation after coating is reduced. Taking into account these practical aspects, we have decided to produce a solid-state Si/Fe polarizer for PF1B using single-crystal Sapphire substrates.
Usually, the stack of such substrates (with thickness d and length L) is bent elastically (with radius R) to avoid neutron trajectories without collisions with the SM coatings. Thus, the bending angle γ c has to meet the condition
This technique works well if the number of plates is limited to a few dozen. However, the required cross section of a PF1B polarizer is as large as at least 80x80mm 2 . For the thickness of Sapphire plates of 0.18 − 0.20mm, the number of plates in the stack would be as large as 400-500. Uniform bending of such a stack is challenging 12 .
An alternative solution is to use polygonal geometry. In the simplest case, the continuous bend is replaced by two stacks tilted by the angle γ v with respect to each other, see Fig. 2 .
The V-bender geometry greatly simplifies the assembling of the stacks. Each of the two stacks can be produced independently. Each stack can be individually motorized, thus converting the V-bender into an adaptable optics device. This option makes it possible to remotely control the main characteristics of the polarizer: polarization P, transmission T and critical wavelength λ c in accordance with the experimental requirements. Fig. 3 shows a prototype of the adaptable Vbender.
The simple geometry of each stack allows optical in-situ control of the inclination angle of each coated plate in the package. Imperfections of the plane-parallel geometry of individual substrates, as well as dust particles falling between them, would result in a scatter of the tilt angles. Errors in setting the tilt angle, and hence the angle of reflection of neutrons, would accumulate with an increase in the number of substrates in the stack according to the law of "random walks", see Fig. 4 .
The primary effect of this angular spread is the degradation of the polarizer transmission for the "good" spin-component, provided that it is comparable to the critical angle of the polarizer (typically 10 − 20mrad). This mechanism may explain the discrepancy between the expected and measured transmission probabilities often observed in experiments with solidstate neutron-optical devices 26 . Some polarization loss may also be attributed to this effect, since this angular spread may create "wrong spin leaks", by making some neutron trajectories without collision possible.
An important feature of the V-Bender is the absence of pronounced Bragg dips in the transmission. Such dips were observed in experiments with solid-state S-and C-benders when the angular divergence of the neutron beam is comparable with the angle of continuous bending γ c 26,27 . For reflection of neutrons from a flat perfect crystal, the acceptance angle of Bragg reflection is very small (typically 1 − 10µrad) and the corresponding dip is completely washed out by the angular divergence of the incident beam (typically a few tens mrad).
Though some V-bender geometries were used rather early as neutron polarizers 28 , it seems that since the advent of SM more interest has been put in C-bent or S-bent devices, without always considering the various advantages of V-bender geometry.
III. POLARIZER SIMULATIONS
In this section, we compare Monte-Carlo ray-tracing simulation predictions for sapphire V-Bender and for traditional Si C-Bender. To cover the wavelength band of 0.3 − 2.0nm, we use the same "inverse" scheme m = 3.2 Fe/SiN x SM coating, which was previously used for the production of solidstate S-Bender 27 . The term "inverse" refers to the sequence of deposition of a SM coating, starting with a thicker layer as opposed to the sequence in SMs used for neutrons incident from air. Note that with such a sequence in a solid-state polarizer, the very first layer visible by neutrons is the thickest as in the case of air-gaped devices. An absorbing Gd layer also has to be coated on top of the SM, so that neutrons which are transmitted through the SM do not get out of the polarizer. In order to guarantee that these neutrons are absorbed rather than reflected, even at low Q values, an anti-reflecting and absorbing Si/Gd multilayer based on the same principle as in 29 was designed, replacing the simple Gd layer. Fig. 5 depicts the spin-dependent reflectivity for neutrons incident on the SM interface from inside the single-crystal Si and Sapphire substrates. The reflectivity curves were calculated using the IMD package 30, 31 . The parameters used in the multilayer structural model (SLD values, interface roughness, magnetic dead layer thickness, etc) are adjusted for producing "realistic" spin-up and spin-down reflectivity profiles. This means that the main features of the simulated reflectivity profiles agree with the features usually measured with neutrons on SM produced with our coating process. As expected, the spin-up reflectivity curves are almost identical (in practice, high-frequency oscillations are completely washed out by the angular spread of the incident neutrons). A clear difference can be seen in the spin-down reflectivity (grey curves). No total reflection for spin-down neutrons is observed for the single-crystal Sapphire substrate. For the single-crystal Si substrate, spin-down neutrons are totally reflected at m < 0.4 due to the positive step in SLD (see Table I ).
Using an "in-house" ray-tracing code in "Mathematica" and the reflectivity curves given above, we simulate the performance of "traditional" Si solid-state C bender, Si solid-state V-bender, and the proposed Sapphire V-bender. In all three cases, single-crystal wafers were assumed to be the substrates. In all simulations, we assumed a perfect plane parallel geometry of substrate plates, a plate thickness of d = 180µm and a length of L = 50mm for the C-bender and two plates 25mm long each for the V-bender, see Figs. 2,3 . In all calculations, we assumed a bending angle 20% greater than that required for avoiding "direct view". This 20% safety clearance takes into account the possible imperfection of the assembly and the shape of the substrate plates: γ c = 10d/L for the C-bender and γ v = 5d/L for the V-bender. With this bending angle, the cut-off wavelength of the C-bender is
where θ Ni = 1.73 · 10 −2 is the critical angle for neutrons with the wavelength of 1nm and the natural Ni.
In our simulations, we also assume that the polarizer is installed downstream the exit of the H113 long ballistic neutron guide at ILL described in detail in 3 . According to ref. 3 , the angular distribution of cold neutrons at the exit of the H113 neutron guide is roughly the same as that expected at the exit of a straight neutron guide with walls coated with natural Ni; larger angles of reflection are suppressed by multiple reflections at reduced reflectivity. The gain by the value m = 2 of the guide is thus mainly at short wavelengths. Another very important assumption is the full magnetic saturation of ferromagnetic layers in the SM coating, which means that the spin-flip reflectivity is set to zero, or R +− = R −+ = 0. Spinflip scattering by the SM and the effect of the magnetic field strength on the polarizer performance will be considered in detail in the next chapter. Fig. 6 shows the simulation results for the Si solid-state C-bender (squares) as well as the Si solid-state V-bender (circles) and the Sapphire solid-state V-bender (triangles). Black points represent the polarizing power of the polarizer, and grey points stand for the polarizer transmission for spin-up neutrons. It can be seen that the choice of both the substrate material and geometry significantly affect the polarizer performance. A "classic" solid-state polarizer is the best choice if the transmission is the first priority while neutron polarization and wavelength band may not be the largest. The transition from C-bender to V-bender, while keeping Si substrates, significantly expands the useful wavelength band, but slightly reduces the transmission in the short-wavelength range. Fi- nally, the proposed Sapphire V-bender dramatically improves polarization, showing only a 1% decrease in polarization at long neutron wavelengths λ = 2nm. For long wavelengths, the difference in transmission is due to the difference in absorption, see Fig. 7 , while for short wavelengths, the difference in transmission is dominated by the bender geometry effects. In practice, we expect that the issue of uncontrolled angular spread resulting from imperfect assembly of the mirror plates would be more serious for a C-bender than for a V-bender, whose geometry is simpler and allows in-situ controlling the inclination angle of each coated plate in the package. Considering this technical aspect, the difference in transmission at short wavelengths between the two geometries should be reduced with respect to Fig. 6 .
IV. DEPOLARIZATION OF NEUTRONS UPON THEIR REFLECTION BY SM
As mentioned in the previous section, our Monte Carlo ray-tracing code as well as all other popular packages like VITESS 32 or McStas 33 fully neglect the neutron spin-flip upon its reflection from SM. This is valid only if the local magnetization of the magnetic layers of the SM ideally follows the applied magnetic field for all domains. The general opinion is that a typical magnetic field applied to a SM of the order of several tens of mT is sufficient to make the effects of spin-flip negligible.
Nevertheless, whenever it has been carefully measured, all known SM polarizers have shown lower polarization than it was expected according to simulations, see, for example 26, 34, 35 . The difference can be as high as a few percent even at the wavelength of the maximum expected polarization. This fact indicates that the assumption R −+ = R +− = 0 is overoptimistic. Spin-flip reflection is caused by the noncollinearity of magnetic moments in the SM coating and the non-collinearity of the applied magnetic field H and the mean field in the coating, B=H+4πM, where M is the mean magnetization in the region coherently illuminated by the neutron wave scattered at the coating ("local magnetization"). Assuming non-polarized incident neutron beam, the reflected beam polarization is 36
where χ is the angle between the reflecting plane, in which the average coating magnetization is lying, and H. In the matrix formalism, spin-dependent reflectivity R ± [0] can be found from equation
Typically R ++ is the dominant term, (R ++ R −− , R −+ ); and R −+ = R +− . Keeping only first order terms, polarization after a single reflection is given as follows
Now consider two successive reflections from SM.
where j = 1, 2 denotes first and second reflection. Again, using eqs. (6, 9) and keeping only first order terms, the polarization after two successive reflections is
From eq. (10) it immediately follows that the polarization after the polarizer that provides multiple reflections is completely determined by the spin-flip at the last reflection. This situation is different from a single-reflection polarizer, where Eq. 8 applies and the final polarization is often dominated by the ratio R −− /R ++ . This depolarization is neglected in all ray-tracing software. However, our previous studies 37, 38 show that this effect can be responsible for polarization losses of the percent level for applied fields of 10 − 100mT , which is often assumed to be large enough, while increasing the field further continuously decreases the losses caused by depolarization.
V. CONCEPT VALIDATION
To validate the concept of Sapphire V-bender, we performed tests with a prototype shown in Fig. 3 . It consists of two stacks of single-crystal Sapphire plates 80x25mm 2 in size and 180µm thick, which were coated on both sides, at ILL, with m = 3.2Fe/SiN x SM capped by a Si/Gd antireflecting and absorbing multilayer. Each stack consists of about 20 polarizing mirrors making the prototype polarizer crosssection of 80x3.6mm 2 . Neutron polarization at the exit of the prototype was measured at PF1B instrument using a set of "opaque" cells filled in with polarized 3 He 37 . The 3 He polarization was 75%, the 3 He pressure was 0.45, 0.8, 1.22, 1.7bar, the cell length along the neutron beam was 15cm. This set of "opaque" 3 He cells provided more that 0.999 analyzing power for the neutron wavelengths > 1.4, 0.8, 0.6, 0.4nm. The higher is 3 He pressure the shorter is neutron wavelength with 0.999 analyzing power. The time-of-flight technique was used to measure the neutron wavelength spectrum. The polarizer was installed after the neutron chopper without any angular collimation of the incident neutron beam.
A specific feature of the V-bender is a quasi-discrete angular distribution in the outgoing neutron beam that results from different numbers of collisions of neutrons with SM in the polarizer. For a polarizer with larger cross-section, this effect is washed out due to the averaging over the polarizer width. For the prototype with a relatively small width (only 3.6mm), we were able to single out only neutrons experiencing two collisions in "zig-zag" geometry. Fig. 8 shows the polarization data for neutrons with double-reflection trajectories.
We performed two sets of measurements: with the strength of the applied magnetic field of only 50mT (triangle points) and with a strong magnetic field of 300mT , see Fig. 8 . The results obtained clearly demonstrate that the strength of the applied magnetic field, typical of most SM applications, is insufficient to suppress the spin-flip upon reflection. In order to suppress the depolarization, and accordingly expand the highpolarization bandwidth, it is necessary to apply a magnetic field about 10 times stronger than 50mT .
To our knowledge, the polarization obtained with our prototype is the highest ever measured with cold neutrons of a broad wavelength band. The flipping ratio N + /N − higher than 10 3 was observed without any polarization correction. The polarization decrease for wavelengths below 0.3nm is due to the decrease of 3 He cell analyzing power at short wavelengths.
We also compare the polarization at the exit of a Sapphire V-bender Fe/Si prototype with the 6cm total length for all transmitted neutron trajectories (whole outgoing beam) with the polarizing X-SM-bender described in detail in 2 and used in 8 to produce a neutron beam of ultra-high polarization, see Fig. 9 . The Fe/Si Sapphire V-bender shows the polarization performance equivalent to that of the Co/Ti X-polarizer but 30 times more compact, free from the neutron induced degradation and activation of Co. For both polarizers, the beam mean polarization was measured to be 0.997. For technical reasons, we were not able to measure directly the transmission probability but our simulations show a factor of 2 higher transmission for the Sapphire V-bender (t ≈ 50%, see Fig. 6 ) than the transmission for the Co/Ti X-SM-bender (t ≈ 25% 2 ) for spin-up neutrons.
VI. MAGNETIC SYSTEM
As we have shown (Fig. 8) , a sufficiently strong magnetic field (B ≥ 300mT ) has to be applied to SMs located in the center of the magnetic system, in order to magnetize polarizing coatings and achieve a high polarization efficiency (≈ 99.9%). Moreover, resulting from Eq. 6, the angle χ has to be smaller than 2 o in the volume occupied by the polarizing stacks to suppress depolarization (the region of interest is 80x80x80mm 3 ). We designed a compact dipole magnet inspired by the original Halbach design 39 that can be made from many identical permanent magnets. As a magnetic element, we chose relatively small rare-earth NbFeB magnets (size 20x20x10mm 3 , grade N48H, B r = 1.37T , H c = 995kA/m). The small size of the magnetic element allows to avoid the occurrence of very large forces during the assembly process. Fig. 10 shows a sketch of the magnetic structure: the pure iron ARMCO yoke 40mm thick is shown in light blue color, non-magnetic pieces defining positions of magnetic elements by yellow color, and NdFeB magnets by blue-red color. The total size of this struc- ture is {L x , L y , L z } = {312, 270, 294}mm, the magnet opening in the center is {L x , L y , L z } = {152, 270, 124}mm, and the total weight is 130kg. The magnetic structure at the top and bottom of the magnet is composed of 9 bars each of 4 magnetic elements in the vertical direction (Z) and 12 elements in the longitudinal direction (Y). The magnetic structures at the left and right sides increase the strength and improve the field homogeneity in the region of interest.
To simulate the magnetic field produced by the large number of small magnets, we used the "Mathematica" package "Radia" dedicated to 3D magneto-static computations 40, 41 . We found that the horizontal distance along X between side structures is a critical parameter that defines the field homogeneity within the aperture. Fig. 11 shows a map of the calculated relative transverse component χ ≈ B x /B z in the magnet aperture for the optimized magnet structure. As can be seen, the requirement that χ < 2 o is widely met. The strength of the central magnetic field is B z0 = 0.374T . Fig. 12 shows a photo of the manufactured magnetic system, and Fig. 13 presents the measured B x /B z map.
We found an excellent agreement between the simulated and measured fields. A very useful feature of the magnet is very small stray fields. We measured only a few Gauss at the distance of 10cm away from the yoke with B ≈ 0.37T in the aperture of the magnet. Fig. 12 (compare to the calculated map shown in Fig. 11 ).
on Si substrate, this step is positive, which leads to a significant degradation of the polarizer performance in the small Q region. To solve this problem, we proposed in our previous publication 1 to replace single-crystal Si substrates by single-crystal Sapphire substrates. The latter show a negative SLD step for the neutron spin-down component at the interface with Fe and, therefore, avoid the total reflection regime in the small Q region. Careful analysis of the factors limiting the polarizer performance allowed us to formulate the concept of Sapphire V-bender. Our ray-tracing simulations show a dramatic improvement in the polarizing power (P = 0.999 for λ = 0.3 − 1.2nm and only 1% less at the wavelength of λ = 2.0nm). The price for improving polarization is 15% lower absolute transmission, see Fig. 6 , due to the higher absorption in Sapphire of the neutrons with longer wavelengths, as well as due the V-bender geometry for neutrons with shorter wavelengths. Imperfections in the plane-parallel geometry of the substrates, dust particles falling between the substrates, stress-induced deformations of the plates, all this leads to an additional angular spread of the reflecting plates, and therefore leads to less than expected efficiency of polarizers, which was often observed 26, 34, 35 . The simple geometry of each stack of the V-Bender simplifies the optical in-situ control of the tilting angle of each coated substrate during the assembly procedure. We also noticed that all known ray-tracing packages assume no neutron depolarization upon their reflection from SMs, R −+ = R +− = 0. As a result, the simulated polarization is always higher than the measured one. For a magnetizing field of below 100mT , the depolarization can be as high as a few percent depending on the m-value of the SM coating 38 . A significantly higher magnetizing field is needed to suppress the depolarization. Simultaneously, special care has to be devoted to keeping the applied field direction strictly parallel to the mirror surfaces in order to avoid depolarization. To validate the proposed new concept of Sapphire V-bender, we built a prototype device. The Sapphire V-bender prototype was tested at the PF1B instrument at ILL using "opaque" optically polarized 3 He (with the analyzing power of higher than 0.999). We compared the polarizer performance for the applied magnetic fields of 50mT and 300mT . Only for the high field (300mT ), we found an excellent agreement between the simulated and measured polarization. To our knowledge, this is the first time when the simulated and measured polarization coincided in a broad wavelength band (0.3 − 2.0nm) demonstrating ultra-high polarization P > 0.999 for λ ≈ 0.3 − 1.2nm and only 1% less at the wavelength λ = 2nm. Without any additional collimation, the Sapphire V-bender demonstrates 2 times higher transmission and the polarization performance equivalent to that of a double polarizer in the X-SM geometry. The polarization averaged over the outgoing neutron capture spectrum is 0.997. A full-scale polarizer for the PF1B instrument at ILL, based on the new concept of solid-state Sapphire V-bender, is currently being produced. We plan to complete this project by the end of 2019.
